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Abstract

This docuent contas graphical data necessany ton the prelmunarny design of balhistic
nussions to Jupiter. Contows of faunch energy requirements, as well as many other
Lianch and Jupiter amval parametets, are presented i Laanch date amnval date space
tor a1l Liunch opportuntties fiom 1983 thiough 20038, In additton, an extensive teat s
mchided wiich explams mission design methads, trom Launch window development to
Jupater probe and oibiter annval design, utihizing the gaplucal data in this volume as
well as numerous equations relatmg vanous parameters. This s the fist of 4 planned
seties of nusston dessgn documents winch wall apphy to all planets and some other bodies
m the sola sy stem.
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Preface

This publication is one of a series of volumes devoted to interplanetary trajectories of
different types. Volume I, of which the present publication is Part 3, describes ballistic
trajectories. Parts 1. 2, and 4, which will be published in 1983, will treat ballistic trajec-
tories to Venus. Mars. and Saturn, respectively.
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I. Introduction

The purpose of this series of Mission Design Handbooks is
to provide trajectory designers and mission planners with
graphical trajectory intormation, sufficient for preliminary
interplanetary mission uesign and evaluation. In most respects
the series is a continuation of the previous three volumes of
the Mission Design Data. TM 33-726 (Ref. 1) and its predeces-
sors (e.g.. Ref. 2): it extends their coverage to departures
through the vear 2005 A.D.

The entire series is planned as a sequence of volumes, cach
describing a distinct mission mode as follows:

Volume |- Ballistic (i.e.. unpowered) transfers be-
tween Earth and a planet. consisting of
one leg trajectory ares. For Venns and
Mars missions the planet-to-Earth return

trajectory data are also provided.

Volume II:  Gravity-Assist (G‘A) trajectory transters,
comprising from two to four ballistic
interplanetary legs, connected by suc-

cessive planetary swingbys.

Volume IH: Delta-V-EGA (AVEGA) transfer trajec-
tories utilizing an impulsive desp-space
phasing and shaping burn. tfollowed by a
return to Earth for a G/A swingby maneu-
ver taking the spacecratt (S C) to the
eventual target planet.

Each volume consists of several parts, desctibing trajector
opportunities for msions toward specific target o1 swingby
bodies.

This Volume 1. Pait 3 of the series is devoted to ballistic
transters between Earth and Jupiter. It uescribes tiajectories
taking from 1 to 5 vears of flight time tor the 20 successive
mission opportunities, departing Earth in the following veirs:
TORS, 1986, 19K7_ 198K, 1980, [990), JU9] 1092/3 1993 4,
1994°5, 1996, 1997, 199K 1999, 2000, 2001, 2002, 2003 4,
2004 5, and 2005 o

Individual variables presented herein are described in detail
in subsequent sections and summarized again in Section IV,
Sutfice it to say here that all the data are preserted i sets of
11 contour plots each. displaved on the launch date ammval
Jate space tor each oppoertunity. Required departune energy
Cy. departure asymptote dechranon and nght ascension.
amwal 1and s equatonal directions, as well v Sun and
Farth direction angles with tespect 1o the departure artnval
asy mprotes, are presented.

It should be ¢ ied that part ot the launck space cov L
may tequire Launcher encigies not presently {982 avalable,

but certainly not unrealistic using future orbital assembly
technigues.

A separate series of volumes (Ret. 3) is being published
concurrently to provide purely geometrical (i.c.. trajectory-
independent) data o1 planetary positions and viz wing/onenta-
tion angles. exipenienced by a spacecraft in the vicinity of these
planetary bodies. The data cover the time span through 2020
A.D.. in order to allow sufficient mission duration time tor all
Earth departures, up to 2008 A.D.

The geometric data are presented in graphical form and
consist of 20 quantities, combined .. ‘o eight plots for each
calendar year and each targed planet. The craphs display equa-
torial declination and right ascension of Earth: and Sun (plan-
etocentric). as well as those of the target planet (geocentric):
heiiocentric (ccliptic) lengitude of the planet. its heliocentric
and peocentric distance: cone angles of Earth and Canopus,
clock angle of Earth (when Sun, Canopus-oricuted): Earth-Sun-
planet. as well as Sun-Earth-planet angles: and finally. rise and
set timies for six deep-space tracking stations assuming a 6-deg
horizon mask. This information is similar to that in the second
part of each ot the volumes previously published (Ref. 1).

Il. Computational Algorithms

A. General Description

The plots tor the entire series were computer-generated. A
minimum of editonal and graphic support was nostulated from
the outset in an etfort to reduce cost.

A number of computer programs were created and/or modi-
fied to suit the needs ot the Handbook production,

The computing etfort involved the generation of arravs ot
transfer trajectory  ares  connecting  departure and  arrival
planes on a4 large number of suitable dates at cach body.
Algonthms (computational models) to solve this problem can
vary greatly as to their complexity, cost ot data generated, and
resulting data accuracy. In light of these considerations, the
choice of methods used in this etfort has been assessed.

B. Two-Body Conic Transfer

Fich departure anval date combination represents a unigue
tramster traectory between two spe tied bodies it the nuiber
of tevolutions ot the spacecratt sbeut the primany (ee . the
Sund nosped tied  The Fambert Theotem provides o suitable
tameworth tor the Canputation ot such trggectones, hut
only 1t testricted two bady come motion prevals

Restiictea twosbody mouon aimplhies that the dynanneal
svsten vonsists of onlby two bodies, ane of winch. the priman
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is so much more massive than the other, that all of the system’s
gravitational attraction may be . ssumed as concentrated at a
puint the ceater ot that primary body. 1he sece.adary body
of negligible mass (e.g.. the spacecraft) then moves in Kep-
lerian (conic) orbits about the primary (e.g.. the Sun) in such
a way that the center of the primary is located at one of the
foci of the conic (an ellipse. parabola, or hyperbola).

The Lambert Theorem states that given a value of the - -avi-
tational parameter g (also known as GAN for the central body, .
the time of tlight hetween two arbitrany points in space,
R, and R,. 15 2 function of only three independent variables:
the sum of the distances of the two points from the focus,
IR, !+ IR, 1, the distance hetween the two points C= IR, -R, 1.
and the semimajor axis. a. of the conic orbital flight path
between them (Fig. 1.)

Detailed algorithm descriptions ot the Lambert method. in-
cluding necessmy branching and singularity precantions, are
presented in numerous publications, e.g., Refs. 2 and 4. The
computations result i a set of conwe classical elements (4, e, 4,
2. w. vy) and the transter angle. Ayy,. or two equivalent
spacecratt heliocentric velocity vectors. V".\' o, "neat depar-
ture. the other at the ainval planet. Subtiaction of the appro-
priate planetary heliocentric velocity vector. 'V, praxere O
the two corresponding times from each of these two space-
cratt welocity vectors results in a pair of planetocentric velocity
states “at mtinaty ” with reapect to each planet (Fiyg. 2)

V., 7V

/ -V, (1
v Bs.cats BPLANFKD

where 1 = 1 and 2 reter to pusitions at departure and arrival,
respectively . The scalar of this 17, vector is also referred to as

EARTH

PARE N,
LT R

N THoN

v

EARTH

T=f(Ry+R,y.C.at”/

Fig. 1. The Lambert problem geometry

the hyperbolic excess velocity, * Feinfinity™ or simply “speed™
(e.z.. Ref. 4). The V_, represents the velocity of the spacecraft
at a great distance from the planet (where its gravitationa'
attraction is practically negligible). 1t is artained when the
spacecralt has climbed away from the departure planet. tol-
lowing injection at velocity V.

. kms (2)

or betore it starts its fall into the arrival planet’s gravity well,
where it eventually reaches a closest approach (periapse, C/A)
velocity .

\"]
XTI

OU T GOING
~ ASYMPTIOTY v,

v
IR

B U LT T B

Fig. 2. Departure geometry and veiocity vector diagram
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3
b, = l~2 +i1. k 3
r -, Y7 - kmh 3)
: p

The variables r, and r,, refer to the departure injection and
arrival periapse planetocentric radii, respectively. Values for
the gravitational parameter g (or GM) are given in subsequent
Section V on constants.

The V, vectors. computed by the Lambert method, repre-
sent a body center to body center transter. They can, however,
be translated parallel to themselves at either body without
excessive error due to the offset, and a great variety cf re Listic
departure and arrival trajectories may thus be constructed
through their use, to be discussed later. The magnitude and
direction. of V' as well as the angles that this vector forms
with the Sun and Earth direction vectors at each terminus, are
required tor these mission design exercises.

Missi 5y * the relatively small terrestrial planets are suited
to 1. analysed hy the Lambert methad. as the problem can be
adequately represented by the restricted two-body formula-
tion, resulting in flight time errors of less than 1 day an
accuracy that cannot even be read trom the contour plots
presented in this document.

C. Pseudostate Method

Actual precision interplanetar  transter trajectories, espe-
cially those involving the giant outer planets, do noticeably
vivlate the assumptions inherent in the Laabert Theotem.
The restnicted two-body problem, on which that theorem s
hased., is supposed to describe the conic motion of & massless
seeondary (ie., the spacecraft) about the point mass of a pri-
man attractive body (ie.. the Sun), both objects beng placed
in an otherwise empty Universe. In reality. the gravitational
arrraction ol either departure or target body may signiticantly
aftr the entire transter trajectory.

Numentcal V-body  trgectory imtegration could be called
upon to represent the true physical mode! tor the laws of
motior, but would be too cntly, coisidering the number ot
complete tragectones requied to tully search and desanbe o
gIven IMins1on uppottunity

The pseudostate theory, tist mtroduced by S, W. Wilson
{Ret. 3) and moditied to solve the three-body Lambert prob-
lem by D. V Bymes (Ret. 6), represents an extremely usetul
improvement over the stendard Lambert solution. For the
want planet nussions, 1t can correc about 935 percent of the
three-budy errors mcurred, ¢ .. up to 30 days in thght tme on
a Jupiter-bound poruney

o ————————at i s — -

Pseudostate theory 1s based on the assumption that for
maodest gravitational perturbations the spacecraft conic mot.on
about the primary and the pseudo-conic displacement due to a
third body may be superimposed. if certain rules are tollowed.

The method. as applied to transfer trajectory generation,
does not provide a flight path only its end states. It solves the
orginal Lambert problem. however. not between the true
planetary positions themselves. but instead. between two com-
puted “pseudostates.” These are obtaned by 1teration on two
displacement vectors off the planetary ephemeris positions on
the dates ot departure and arnval. By o suitable superposition
with a planetocenine rectilinear impact hyperbola and a
constant-velocity, “zero gravity.” sweepback at each end of
the Lambertian conic (see Fig. 3). a satsfactory match is
obtained.

Of the five ares involved in the iteration, the last three
(towards and at Jupiter) act over the tull flght ume. A7, ,.
and represent:

(1) Conic heliocentric motion between the two pseudo-
L3 L . . - .
states R, and R, (capital R is used here for zll heli
centric positions).

(2) The transformation of R: to a planetocentric position,
r; (lower case r is usad tor planetocentric positions).
performed in the usual manner is followed by a
*constant-velocity” sweepback in iime to a point
1, =1 - Vo, X AT, correcting the planetocen™ic
pusition r, to what it would have been at 7. had
there been no solar attraction duning AT,,. and
tinally .

{3) The planetocentric rectilinear incoming hyperbola.
charactenized by incomng F-anfunty V. a4 radwl

- e

/7 N
/ \
/ NO-GRAVITY  \
IIR \SUN SWEEPBACK ‘ \‘
EARTH,L ———Va2 X AT42 T

R r, RECTILINEAR
2 HYPERBOLA,

/ JUPITER

LAMBERT CONIC
AT‘2

/773 Ry-Ry

Fig. 3. Pseudostate transfer geometry
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target planet rip time AT, trom 1)
to perjjove. which can be satisfied by teraticn on the
* *

r,~magnitude and ihus also on R, .

n\?-u-ﬁ and a tri

This last aspect provides for a great simplification of the
formulation as the R; end-point locus now moves only along
the V.., |i r; vector direction. The resulting reduction in com-
puting cust is significant, and the equivalence to the Lambert
paint-to-point conic transfer model is attractive.

The first two segments of the transfer associated with the
departure planet may %e treated in a like manner. If the planet
1s Larth, the pseudostate correction may be disregarded (12,

= K, ). or clse the duration ot Earth’s perturbative cttect
may be reduced to a fraction of AT . It can abo be set to
equal a fixed quantity. eg.. AT, = 29 days. The latter value
was in fact used at the Earth’s side ot the tanste. n the
data generation process for this document

The rectilinear pseudostate method thus involves an itera
tive procedure, utilizing the standard Lambert algorithm to
obtain a starting set of values for §_ at each end of the trans-
fer arc This first guess is then improved by allowing the
planetocentric pseudustate pusition vector r; to be scaled up
and down, using a suitable partial at either bodv ., such that
ATgp- the iime required to fall slong the rectiinear hyper-
bola through t; (the sum of the swcgpb.n.l\ distance 3,
X AT, and the pl.mv.lm.emrh. distance ir, Il equal the gravity-
lIUll.ll perturbation duration. AT, Bn(h r and V_ . along
which the rectilinear fall occuns, are wulmuuml) reset util-

2 the latest values of magnitude and dircction of V_ at each
end. i. ot the new Lambert transter aic. as the tteration pro.
gresses. The procedure converges rapidly as the hy perbalic tip
tume discrepancy. AA[F = AT, , - AT . talls below 4 preset
small tolerance

Once the V_ vectors at each planet are converged upon,
the desired output variables can be generated and contour
plotted by exasting standard algonthms.

ll. Traiectory Characteristics
A. Mission Space

All realistic launch and njection vehicles are energy -liimted
and impuose very stangent constramn®s on the mterplar .
mission selection process. Only  those transter oppe -
which occur near the tursas of 4 mummum Farth < -
energy requaement are thus of practical ainterest. (@ - g
side ot such an optundal date, departure energy ineres s, tirst
slowly, todowed by a rapnd increase, thas requinng eiher a
preater launch capability . or alternatively o lower allowable
pavload mass. A “launch penod.” megsured i davs o1 even
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le: on any day with
canablhty of a given launch/injection vehicle must equal or
exceed the departure energy requirement for a specified

payload weight.

In the course of time these minimum departure energy
opportunities do recur regularly. at “synodic period * intervals,
reflecting a repetition of the reaative angular geometry of the
two planets. If w, and w, are the orbital angular rates of the
inner and outer of the two planets, respectively, moving about
the Sun in circular orbits, then the mutual configuiation of
the two bodies changes at the following rate:

W, =W - w, . radis (4

p== (5)
w
then
I’S I’| I’_,

where Pg. the syiodic period. 15 the period of planetan
geometry cecurrence, while P, and P, are the orbital “sidereal
(i.c.. inertial) perinds™ of the inner (taster) and the outer
(siower) planet considered. respectively.

Since planetary orbits are neither exactly circular nor co-
planar. launch opporturities do not repeat exactly. some
years heing better than others in energy requirements or in
other parameters. A complete repeat of trajectory character-
stics oceurs only when exactiy the same orbital geometry of
departure and arrival body recurs. For negligibiv perturbed
planets approximately identical inertial positions in space at
departure and arcival imply near-recurrence of transter tra-
jectory charactensties. Such events c:n rigorously be .isessed
onlv for nearly resonant nonprecessing planeta-y orbats, re..
for those whose periods can be related in terms of integer
fractions. For instance, 1t five revolutions of one body cor-
respond to three revolutions of the « ther, that time interval
would constitute the “period of repeated characteristies.”
Nearanteger ratios provide nearly  petitive  contigueations
with respect to the lines of apsides and nodes. The Farth-
relative synodic period ot Jupiter 1s 398 584 days, 1.e.. ahout
13 months. tach cvele of 11 consecutive Jovian mission
vppuortunities amounts to $3X7 7 deyvs and s nearly sepetitive,
diven by Jupiter's swdereal pertod of 11 8620 years i 33326
days It s obvious that tor an dentical mutual anpular geom
etry Jupiter would be tound heyond ity 1incrtal positeo i the
Mrevious Goeie by S dav s worth of motion (3 S8 deet while
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Farth would have completed 4387.7/365.25 = 12,013 1evolu
tions. bemg ahead ol the old mark by the same angular amount
as Jupiter

A variety of considerations fore: the realistt launch period
not to occut at the minimam energy combin :mon of depar-
ture and arrival dates. Launch vehicle readiness status, proce-
dure slippage. weatuer anomalies, multiple launch strategies,
arrival characteristics all cause the launch or, more generally,
the departure period to be extended over u number of days or
weeks and not necessarily centered on the minmmom energ,
date.

For this document, a 120-day departure date coverage span
was selected, primarily in order 1o encompass launch energy
requiremc‘ms of up to a ¢y = 200 km=;s? contour, where
Cy l'.:f. i.e., twice the injection energy per umnit mass,

EARTH

Ly = 12 /2. Arrival date coverage was set at 1600 days to dis-
play mussions fiom 1- to S-vears flight time.

The matrix of departure and arrival dates to he presented
comprises the “mission space™ for cach departure opportunity.

B. Transfer Trajectory

As previously stated, cach pair of departure/arrival dates
specifies a unique iransfer trajectory. Each such point in the
mission space has associated with it an array of descriptive
variables. Departure eneigy. characterizad by €, is by far the
most signiticant amonyg these parameters. It increases towards
the ~dges of the mission space, but it also experiences a drs-
neatie rise along a “ridge.” passing diagonally from lower lefi
to upper right across the niisston space (Fig 4). This distur-

JUPITER lzlﬂ!-.('." L TR

RALLISTIC TRANSFE R TRAJECIORY
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7ig. 4. Mission space in departure/arrival date coordinates, typical example



bance Iy assuciaied with all diametric, ie., near-1R0.deg,
transfer trajectories (Fig. 5).

In 3-dimensional space the fact that all planetary orbits are
not strictly coplanar causes such diametric transfer arcs to
require high ecliptic inclinations, culminating in a polar flight
path for an exact 180-deg ecliptic longitude increment be-
tween departure and arrival points. The reason for this
behavior is, as shown in Fig. 5, that the Sun and both trajec-
tory end points must lie in a single plane, while they are also
lining up along the same diameter across the ecliptic. The
slightest target planet orbital inclination causes a deviation

¥ = TRUE TRANSFER
ANGLE
¥, = TRANSFER ANGLE
POLAR IN ECLIPTIC PLANE
TRANSFER

PLANET

TARGET
PLANET
POSITIONS
f (w-')

ECLIPTIC

Fig. 5. Effect of transfer angle upon inclination of
trajectory arc

PLANET ORBIT
PLANE TRANSFER
(Vo) MIN.)

PLANET AT NODE
AT ARRIVAL
INTERMEDIATE
TRANSFER

ECLIPTIC
TRANSFER
(MIN. C3L)

EARTH AT NODE
AT DEPARTURE

Fig. 6. Nodal transfer geometry
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out of the ecliptic and forces a polar 180-deg transfer, in order
to pick up the target’s vertical out-of-plane displacement.

The obvious sole exception to this rule is the nodal transfer
mission, where depaiture occurs at one node of the target
planet orbit plane with the ecliptic, whereas arrival occurs at
the opposite such node. In these special cases, which recur
every half of the repeatability cycle, discussed in the preceding
paragraph, the transfer trajectory plane is indeterminate and
may as well lie in the departure planet’s orbit plane, thus
requiring a i~sser departure energy (Fig. 6). The opposite strat-
egy (i.e.. a wransfer in the arrival planet’s orbit plane) may be
preferred if arrival energy, V., . is to be minimized (Fig. N.

It should be noted that nodal transfers, being associate.
with a specific Jupiter arrival date, may show up in the data on
several consecutive Jovian mission opportunity graphs (e.g..
1991-1994/S5). at points corresponding to the particular nodal
arrival date. Their mission space position moves. from oppor-
tunity to opportunity. along the 180-deg transfer ridge. by
gradually sliding towards shorter trip times and earlier relative
departure dates. Only one of these opportunities would occur
at or near the minimum departure energy or the minimum
arrival V_ date. which require a near-perihelion to near-
aphelion transfer trajectory. These pseudo-Hohmann nodal
transfer opportunities provide significant energy advantages.
but represent singularities. ie.. single-time-point missions.
with extremely high error sensitivities. Present-day mission
planning does not allow single fixed-time departure strategies:
however. future operations modes. e.g.. space station “‘on-
time™ launch, or alternately Earth gravity assist (repeated)
encounter at a specific time. may allow the advaitages of a
nodal transfer to be utilized in full.

The 180-deg transfer ridge subdivides the mission space
into two basic regions: the Type I trajectory space below the
ridge, exhibiting less thon 180-deg transfer arcs, and the
Type I space whose transfers are longer than 180 deg. In
general the first type also provides shorter trip times.

Trajectories of both types are further subdivided in two
parts—Classes 1 and 2. These are separated, generally hori-
zontally, by a boundary representing the locus of lowest
C3 energy for each departure date. Classes separate longer
duration missions from shorter ones within each type. Type I,
Class 1 missions could thus be preferred because of their
shorter trip times.

Transfer energies become extremely high for very short
trip times. infinite if launch date equals arrival date, and of
course, meaningless for negative trip times.

The reason that high-inclination transfers. as found along
the ridge. alsv require such high energy expenditures at depar-
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Fig. 7. Mission space with nodal transfer

ture is that the spacecraft velocity vector due to the Earth's
urbital velocity must be rotated through large angles out of the
ecliptic in addition to the need to acquire the required transfer
trajectory energy. The value of C; on the ridge is large but
finite: its saddle point minimum value occurs for a pseudo-
Hohmann (i.e.. perihelion to aphelion) polar transfer. requiring

5
a
o
= J2
G, IF(

e )

+ l) = 2400 km?/s?
where 17, = 20.766 km/s, the Earth's heliocentric orbital
velucity. and a,, = 5.2 AU Jupiter’s (the arrival planet's) semi-
myuor axis By a similar estimate. it can be shown that for a
true nodal pseudo-Hohmann tianster. the mmmmmum eneigy

e +d would reduce to

2, 12 2
= 12 - ~ 2,2
CJNOI)AI. Vi (l ta, ! 77 km*/s

®

This is the lowest value of C; required to fly from Earth to
Jupiter, assuming circular planetary orbits.

Arrival Vinfinity. V.. .. is at its lowest when the transfer
trajectory is near-coplanar and tangential to the target planet
orhit at arrival.

Both C; and V., near the ridge can be significantly low-
ered if deep-space deterministic maneuvers are introduced into
the mission. Tne “broken-plane™ maneuvers are a category 